Pavlovian conditioning involves encoding the predictive relationship between a conditioned stimulus (CS) and an unconditioned stimulus, so that synaptic plasticity and learning is instructed by prediction error. Here we used pharmacogenetic techniques to show a causal relation between activity of rat dorsomedial prefrontal cortex (dmPFC) neurons and fear prediction error. We expressed the excitatory hM3Dq designer receptor exclusively activated by a designer drug (DREADD) in dmPFC and isolated actions of prediction error by using an associative blocking design. Rats were trained to fear the visual CS (CSA) in stage I via pairings with footshock. Then in stage II, rats received compound presentations of visual CSA and auditory CS (CSB) with footshock. This prior fear conditioning of CSA reduced the prediction error during stage II to block fear learning to CSB. The group of rats that received AAV-hSYN-eYFP vector that was treated with clozapine-N-oxide (CNO; 3 mg/kg, i.p.) before stage II showed blocking when tested in the absence of CNO the next day. In contrast, the groups that received AAV-hSYN-hM3Dq and AAV-CaMKII␣-hM3Dq that were treated with CNO before stage II training did not show blocking; learning toward CSB was restored. This restoration of prediction error and fear learning was specific to the injection of CNO because groups that received AAV-hSYN-hM3Dq and AAV-CaMKII␣-hM3Dq that were injected with vehicle before stage II training did show blocking. These effects were not attributable to the DREADD manipulation enhancing learning or arousal, increasing fear memory strength or asymptotic levels of fear learning, or altering fear memory retrieval. Together, these results identify a causal role for dmPFC in a signature of adaptive behavior: using the past to predict future danger and learning from errors in these predictions.
Introduction
Pavlovian fear conditioning enables learning about, and adaptive responding to, sources of danger. Central to this learning is encoding the predictive relationship between a conditioned stimulus (CS) and an aversive unconditioned stimulus (US). Such encoding is instructed by prediction error (Rescorla and Wagner, 1972; Sutton, 1988) . If the aversive event is expected, then there is no error in prediction and fear learning is blocked, but, if it is unexpected, then there is prediction error so that synaptic plasticity and fear learning occur (McNally et al., 2011) . In this way, prediction error directs learning toward cues providing novel information about the occurrence of the outcome.
Whereas amygdala has long been implicated in fear via its obligatory role in pavlovian fear conditioning (Maren and Quirk, 2004) , the medial prefrontal cortex [anterior cingulate cortex (ACC) and dorsolateral prefrontal cortex (dlPFC) in primates, and their homologues in the rodent dorsomedial PFC (dmPFC)] is considered central to the generation and signaling of prediction error (Corlett et al., 2004 (Corlett et al., , 2006 Matsumoto et al., 2007; Rushworth and Behrens, 2008; Alexander and Brown, 2011; McNally et al., 2011) . In humans, unexpected aversive events evoke greater fMRI BOLD responses in ACC and dlPFC compared with expected aversive events (Dunsmoor et al., 2008; Dunsmoor and Schmajuk, 2009; Eippert et al., 2012) ; and likewise in rodents and monkeys, unexpected aversive events evoke greater dmPFC activity than expected aversive events (Matsumoto et al., 2007; Furlong et al., 2010) . Moreover, the magnitude of these evoked signals is negatively correlated with current predictions of danger (Dunsmoor et al., 2008) but is positively correlated with how much fear learning occurs on a trial (Eippert et al., 2012) . Together, these findings have been interpreted to mean that medial PFC (mPFC) contributes to signaling or encoding of fear prediction errors and the consequent optimization of learning and behavior.
However, a fundamental difficulty in evaluating this prediction error hypothesis of dmPFC function is that existing evidence relies heavily on correlative neuroimaging and in vivo electrophysiological data. Whereas the role of mPFC in regulating fear responding is well established (Milad and Quirk, 2002; Quirk et al., 2006; Vidal-Gonzalez et al., 2006) , little causal evidence implicates dmPFC as a component of the fear prediction error circuitry. To address this issue, we adopted a pharmacogenetic approach, using adenoviral vectors to transfect rat dmPFC neurons with the excitatory hM3Dq designer receptor exclusively activated by a designer drug (DREADD; Armbruster et al., 2007; Alexander et al., 2009; Rogan and Roth, 2011) . We manipulated the activity of these neurons via injections of clozapine-N-oxide (CNO) during behavioral associative blocking procedures that selectively isolated the contribution of prediction error to fear learning. If increases in dmPFC activity signal unexpected aversive events and errors in fear predictions, then pharmacogenetic excitation of these neurons should be sufficient to restore prediction error and fear learning under conditions where these are otherwise absent.
Materials and Methods

Subjects
Subjects were 132 experimentally naive male Sprague Dawley rats (250 -380 g) obtained from the Animal Resources Centre (Murdoch). Rats were housed in groups of four in a climate-controlled colony room maintained on a 12 h light/dark cycle (lights on 7:00 A.M). Rats were food restricted to 85-90% of their free-feeding weight (for behavioral experiments) or otherwise maintained on ad libitum access to food and water. All procedures were performed in accordance with the Animal Care and Ethics Committee (University of New South Wales) and the Australian Code for the Care and Use of Animals for Scientific Purposes (eighth edition).
Apparatus
Behavioral testing was conducted in a set of 16 identical Med-Associates chambers (24 cm length ϫ 30 cm width ϫ 21 cm height) enclosed in ventilated, sound-attenuating cabinets (83 cm length ϫ 59 cm width ϫ 59 cm height). The top, rear, and hinged door of the chamber were constructed of clear Perspex, while the sidewalls were made of stainless steel. Each chamber floor contained a metal grid made of steel rods wired to a constant-current generator to deliver a footshock US. The sidewall of each box was fitted with a magazine dish (5 ϫ 5 cm opening) where grain pellets (Able Scientific Biotechnology) were delivered when a lever located 4 cm to the right of the magazine was pressed. The visual CS (CSA) was a 60 s flashing (2 Hz) LED light mounted to the roof of the soundattenuating cabinet, and the auditory CS (CSB) was a 60 s, 80 dB clicker delivered through a speaker attached to the right side wall of the chamber. The US was a 0.5 s footshock that varied in intensity (0.6, 0.8, or 1 mA), depending on the experimental procedures.
Viral vectors
Adeno-associated virus (AAV) vectors encoding DREADD (Armbruster et al., 2007; Rogan and Roth, 2011) were obtained from the UNC Vector Core (University of North Carolina, Chapel Hill, NC). The following vectors were used: AAV5-hSyn-enhanced yellow fluorescent protein [eYFP; 4 ϫ 10 12 viral particles (vp)/ml titer]; AAV5-hSyn-HA-hM3D(Gq)-IRESmCitrine (2 ϫ 10 12 vp/ml); and AAV5-CaMKII␣-HA-hM3D(Gq)-IRESmCitrine (3 ϫ 10 12 vp/ml).
Surgery
Rats were injected intraperitoneally with a cocktail of the anesthetic ketamine (100 mg/ml) and the muscle relaxant xylazine (0.3 ml/kg). Once anesthetized, each rat was placed into the stereotaxic apparatus (model 942, Kopf) and the rat's head was shaved to expose the skin surface. After incision, a hand drill was used to make two holes above the dorsomedial prefrontal cortex: anteroposterior ϩ3.0, mediolateral Ϯ0.5, dorsoventral Ϫ4.3 according to the atlas of Paxinos and Watson (2007) . A 30-gauge, cone-tipped needle attached to a 5 l glass Hamilton syringe was lowered into the dmPFC. Each hemisphere received a 0.75 l infusion at a rate of 0.25 l/min as controlled by a microinfusion pump (World Precision Instruments). The needle was left in place for an additional 7 min to allow for diffusion. Bone wax (Coherent Scientific) was placed over the drilled holes and rats were injected intraperitoneally with 0.3 ml of a 300 mg/ml solution of procaine penicillin (antibiotic), subcutaneously with 0.1 ml of a 100 mg/ml solution of cefazolin sodium (antibiotic), and subcutaneously with 5 mg/ml carprofen (anti-inflammatory) immediately after surgery. Rats were allowed 7 recovery days before the start of any training, during which time they were handled and weighed daily. Experiment 1 rats were all injected with AAV5-hSyn-HA-hM3D(Gq)-IRES-mCitrine vector. Rats in experiment 2 were randomly assigned to injections of AAV5-hSyn-eYFP, AAV5-hSyn-HA-hM3D(Gq)-IRESmCitrine, or AAV5-CaMKII␣-HA-hM3D(Gq)-IRES-mCitrine injections. Rats in experiment 3 were randomly assigned to receive injections of either AAV5-hSyn-eYFP or AAV5-hSyn-HA-hM3D(Gq)-IRES-mCitrine. CNO was injected 3 weeks after virus injection.
Experiment 1: Effects of CNO activation of hM3Dq DREADD on neuronal activity in dmPFC
Three weeks after surgery, rats were briefly removed from their home cages and injected intraperitoneally with 3 mg/kg CNO (National Institute of Mental Health Chemical Synthesis and Drug Supply Program, RTI International; 5% DMSO and 0.9% saline solution) or a vehicle (Veh; 5% DMSO and 0.9% saline solution). One hundred fifty minutes later, rats were deeply anesthetized with sodium pentobarbital and perfused, and brain tissue was extracted for immunohistochemistry.
Experiment 2: Effects of CNO activation of dmPFC hM3Dq on associative blocking of fear learning
In these experiments, we used conditioned suppression of lever pressing for food to assess pavlovian conditioned fear. Conditioned suppression as a measure of fear has several advantages. Conditioned suppression has a nonzero baseline because rats lever press for a pellet reward at a constant rate, and so can reveal decreases and increases in fear; there are relatively high levels of baseline activity during training and testing sessions; it is sensitive to visual and auditory CSs, despite these CSs eliciting different amounts of freezing on the same trial (Bevins and Ayres, 1991); each of the seminal behavioral preparations identifying the actions of prediction error on fear association formation was established using conditioned suppression; and, finally, the assessment of conditioned suppression is completely automated.
Baseline lever-pressing training and CS pre-exposure. All behavioral testing began with lever-pressing training to develop a baseline measure for conditioned suppression. On days 1 and 2, rats received magazine training where every lever press was rewarded with a grain pellet in addition to free pellet deliveries on a fixed interval 300 s schedule. Sessions ended after 60 min or when 100 lever presses were reached. Rats were hand shaped during day 2 if they failed to emit 100 lever presses on day 1. On day 3, rats received a 60 min variable interval (VI) 30 s session. Subsequently, and unless otherwise noted, rats received 120 min VI 120 s sessions. On days 9 and 10, rats were familiarized and habituated to the CSs during 120 min VI 120 s schedule training. In each session, CSA and CSB were presented four times each in a randomized order with a randomized intertrial interval (ITI) ranging from 1200 to 1800 s.
Stage I. Stage I occurred for 3 d. Blocking groups received four pairings of CSA and US (0.8 mA) on a randomized ITI ranging from 1200 to 1800 s during a 120 min session. Rats in control groups did not receive stage I training but instead received 120 min of VI 120 s schedule training.
Stage II. All rats underwent stage II training on days 14 and 15 during 70 min of VI 120 s schedule training. During this stage, CSA and CSB were presented in compound for 1 min, coterminating with the US (0.8 mA). CSAB-shock pairings were presented four times with a randomized ITI ranging from 490 to 1200 s. Rats were injected with CNO (3 mg/kg, i.p.) or vehicle 30 min before each session.
Test. All rats were tested on day 16. The test was 70 min long, and CSB was presented four times on an ITI of 900 s.
Experiment 3: Effects of CNO activation of dmPFC hM3Dq on acquisition and expression of fear conditioning
Baseline lever-pressing training and CS pre-exposure. The procedure for baseline lever pressing and CS pre-exposure was the same as in experiment 2.
Stage I. This stage examined the effects of CNO on the acquisition of pavlovian fear learning. Rats underwent fear conditioning to the visual CS. Groups received four pairings of a visual CS with either a 0.6 or 1 mA US on a randomized ITI ranging from 1200 to 1800 s during a 120 min session. All rats received intraperitoneal injections of 3 mg/kg CNO 30 min before each session. On the subsequent 3 days, rats were tested drug free. In each 70 min test session, four CS non-reinforced trials were presented with a randomized ITI ranging from 490 to 1200 s. Rats were not trained on day 17.
Stage II. This stage examined the effects of CNO activation of dmPFC hM3Dq on the expression of fear conditioning. The rats trained in stage I with the 0.6 mA US were trained again in stage II. This training, which occurred on days 18 -20, was identical to that in stage I, except that an auditory CS coterminated with a 0.6 mA US and there were no injections before training. On days 21-23, rats were tested in 70 min test sessions involving four non-reinforced CS presentations with a randomized ITI ranging from 490 to 1200 s. Rats were injected with CNO (3 mg/kg, i.p) 30 min before each test day.
Immunohistochemistry
Experiment 1. Rats were deeply anesthetized with sodium pentobarbital and transcardially perfused with saline containing 1% sodium nitrate and heparin (5000 IU/ml) and paraformaldehyde (4%), pH 7.4, 2.5 h after an intraperitoneal injection of either 3 mg/kg CNO or vehicle. Brains were extracted, postfixed (1 h), and cryoprotected in 20% sucrose (24 -48 h). Brains were frozen, and 40 m PFC coronal sections were sliced and collected on a cryostat (CM 1950, Leica) and stored in a 0.1 M PB saline solution containing 0.1% sodium azide at 4°C. Two-color peroxidase immunohistochemistry was used to reveal the activity marker c-Fos and green fluorescent protein (GFP) immunoreactivity (IR) to detect cells expressing mCitrine. Free-floating brain tissue was washed in PB, pH 7.4, and rinsed in alcohol (50%), alcohol containing hydrogen peroxide (3%), and normal horse serum (NHS; 5%) in 0.1 M PB, pH 7.4, for 30 min each. Sections were then incubated in rabbit anti-GFP (1: 2000; Life Technologies) and goat anti-c-Fos [1:2000; c-Fos (4), sc52 Santa Cruz Biotechnology] for 48 h at 4°C. The primary antibodies were diluted in PBT-X, comprising 0.1 M PB, pH 7.4, containing 0.1% sodium azide, 2% NHS, and 0.02% Triton X-100. After washing off unbound primary antibody, sections were incubated overnight (at room temperature) in biotinylated donkey anti-sheep IgG (1:2000; Jackson ImmunoResearch) diluted in 2% NHS PBT-X. After washing off unbound secondary antibody, sections were incubated for 2 h (at room temperature) in ABC reagent (Vector Elite Kit 6 l/ml avidin and 6 l/ml biotin; Vector Laboratories). Black c-Fos-IR cells were revealed using an intensified diaminobenzidine (DAB) reaction, with peroxide being generated by glucose oxidase. In this DAB reaction, sections were washed in PB, pH 7.4, followed by 0.1 M acetate buffer, pH 6.0, and then incubated for 15 min in a 0.1 M acetate buffer, pH 6.0, solution containing 2% nickel sulfate, 0.025% DAB, 0.04% ammonium chloride, and 0.02% D-glucose. The peroxidase reaction was started by adding 0.1 l/ml glucose oxidase and stopped using acetate buffer, pH 6.0. Brain sections were then washed in PB, pH 7.4, and processed again, in a similar manner, using biotinylated donkey anti-rabbit IgG (1:5000; Jackson ImmunoResearch) but without nickel-intensification to localize brown GFP-IR. Sections were then washed in PB, pH 7.4, and mounted onto gelatin-treated slides, dehydrated, cleared with histolene, and coverslipped with Entellan.
c-Fos-IR and double c-Fos/GFP-IR were counted using a transmitted light microscope at 20ϫ magnification. The dmPFC was delineated according to Paxinos and Watson (2007) , and, across three sections, neurons positive for c-Fos-IR and double c-Fos/GFP-IR were counted in each hemisphere.
Experiments 2 and 3. The localization of hM3Dq or eYFP expression was verified using procedures identical to those described above. However, rats did not receive injections before perfusions, and tissue was only processed for brown-colored GFP-IR to detect cells expressing eYFP or mCitrine using DAB reaction without nickel intensification. eYFP and hM3Dq expression sites were determined under a microscope and plotted onto Illustrator CS6 (Adobe Systems) templates using boundaries defined by Paxinos and Watson (2007) . Rats with unilateral expression or expression outside the boundaries of the anterior cingulate cortex and prelimbic cortex were excluded from data analysis.
Data analysis. The lever pressing of each rat was scored using a suppression ratio (SR) calculated as SR ϭ a/(a ϩ b) (Annau and Kamin, 1961) , where a is the number of lever presses during the CS and b is the number of lever presses made the minute before the CS (the pre-CS period). An SR of 0.5 indicates no suppression (equal numbers of lever presses during the pre-CS and CS period), hence no fear, and an SR of 0 indicates complete suppression, hence asymptotic fear. Although lever pressing remained relatively stable, there were some trials (11 in total across the three experiments) where an animal did not lever press during the pre-CS period of the first CS presentation despite evidence of a steady lever-pressing baseline otherwise in the session. In these instances, typically due to the rat eating a recently dispensed food pellet, the pre-CS was taken at the eighth minute after session initiation. These behavioral data as well as the total counts of c-Fos-IR and c-Fos/GFP-IR neurons in dmPFC were analyzed by means of a planned contrasting testing procedure controlling the decision-wise error rate (␣) at the 0.05 level for each contrast tested (Harris, 2004) .
Results
Experiment 1: effects of CNO activation of hM3Dq DREADD on neuronal activity in dmPFC We used AAV to transfect the hM3Dq excitatory DREADD (Alexander et al., 2009; Rogan and Roth, 2011 ) into rat dmPFC neurons and then stimulated these neurons with CNO (3 mg/kg, i.p.). To confirm that stimulation of hM3Dq increased activity in dmPFC, we first injected AAV-hSyn-HA-hM3D(Gq)-IRESmCitrine (hSyn-hM3Dq) rats with CNO (n ϭ 4) or vehicle (n ϭ 5) and assessed expression of the Fos protein as a marker of neural activity induced by CNO (Garner et al., 2012; Ferguson et al., 2013; Zhan et al., 2013) in dmPFC neurons. An advantage of this immunohistochemical approach is that it enables examination of the impact of CNO injections on both hM3Dq-expressing and hM3Dq-nonexpressing cells. Pharmacogenetic activation was successful because, consistent with previous reports (Garner et al., 2012; Zhan et al., 2013) , labeling for Fos was detected in both dmPFC hM3Dq-expressing and hM3Dq-nonexpressing cells (Fig. 1A-C) . Compared with the injection of vehicle, we detected significantly more dmPFC Fos-positive nuclei (F (1,7) ϭ 15.3, p Ͻ 0.05) and significantly more dual-labeled Fos/GFP-IR dmPFC cells after the injection of CNO (F (1,7) ϭ 15.7, p Ͻ 0.05; Fig. 1D ). Indeed, relative to vehicle, CNO injection approximately doubled the number of c-Fos-IR and tripled the number of c-Fos-IR/ GFP-IR-expressing cells in dmPFC.
Experiment 2: effects of CNO activation of dmPFC hM3Dq on associative blocking of fear learning To examine the causal role of dmPFC neurons in fear prediction errors, we injected rat dmPFC with either AAV-hSyn-eYFP (n ϭ 31) or AAV-hSyn-HA-hM3D(Gq)-IRES-mCitrine vector (n ϭ 32), to express the excitatory DREADD hM3Dq nonselectively in neurons, or AAV-CaMKII␣-HA-hM3D(Gq)-IRES-mCitrine (n ϭ 31), to express the excitatory hM3Dq DREADD in glutamatergic neurons (Fig. 2 A, B) . Two weeks later, we commenced behavioral training (Fig. 2C) . Associative blocking is the cardinal behavioral preparation isolating the actions of prediction error on pavlovian fear learning (Kamin, 1968; Rescorla and Wagner, 1972; McNally and Westbrook, 2006) . In this paradigm, rats in the blocking group are trained to fear a CSA via pairings with shock in stage I. In stage II, CSA is presented in compound with a second CS, CSB, and paired with shock. Rats are later tested for their fear responses to CSB. Relative to a control group that does not receive stage I training, the blocking group shows significantly less fear to CSB. Blocking occurs because there is no prediction error during stage II for the blocking group: the prior conditioning of CSA ensures that the shock US is predicted during stage II, and this expected footshock is less effective in supporting learning than the unexpected footshock in the control group. Hence, the design of this experiment was a 3 (genotype: eYFP, hSyn-hM3Dq, CaMKII␣-hM3Dq) ϫ 2 (group: blocking versus control) ϫ 2 (injection: CNO versus vehicle) factorial. Figure 2A shows representative dmPFC GFP-IR for each group. Figure 2B shows extent of GFP-IR expression across all rats included in the experiment with each rat represented at 10% opacity. Only rats with bilateral GFP-IR in dmPFC were included in the analyses. Sixteen animals were excluded because of misplaced AAV application or lack of bilateral GFP-IR. The final group sizes after histology were as follows: CNO-block-eYFP, n ϭ 9; CNO-block-hSyn-hM3Dq, n ϭ 5; CNO-block-CaMKII␣-hM3Dq, n ϭ 5; CNO-control-eYFP, n ϭ 7; CNO-control-hSyn-hM3Dq, n ϭ 8; CNO-controlCaMKII␣-hM3Dq, n ϭ 6; Veh-block-eYFP, n ϭ 5; Veh-blockhSyn-hM3Dq, n ϭ 7; Veh-block-CaMKII␣-hM3Dq, n ϭ 6; Veh-control-eYFP, n ϭ 6; Veh-control-hSyn-hM3Dq, n ϭ 8; and Veh-control-CaMKII␣-hM3Dq, n ϭ 6.
Histology
Behavior
To confirm that AAV-mediated hM3Dq expression did not alter lever-pressing behavior, we analyzed the last day of VI 120s training before fear conditioning. There was no difference between groups in the number of lever presses during this session (eYFP: mean ϭ 2163, SEM ϭ 196; hSyn-hM3Dq: mean ϭ 2770, SEM ϭ 376; CaMKII␣-hM3Dq: mean ϭ 2076, SEM ϭ 251; F (1, 75) values Ͻ1, p values Ͼ0.05). During stage I fear conditioning (Fig.  2 D, E) , the blocking groups learned to fear the visual CSA across training as shown by a linear increase of conditioned fear across the 3 days (main effect of day: F (1,31) ϭ 411.01, p Ͻ 0.05). There was no main effect of genotype (hSyn-eYFP versus hSyn-hM3Dq and CaMKII␣-hM3Dq; F (1,31) Ͻ 1, p Ͼ 0.05) and no day ϫ genotype interaction (F (1,31) Ͻ 1, p Ͼ 0.05).
We injected rats with CNO or vehicle before each day of stage II training. The blocking groups continued to express fear to the compound of the visual CSA and auditory CSB during stage II, regardless of whether they had been injected with CNO or vehicle. The control groups learned to fear the compound of the visual CSA and auditory CSB during stage II also regardless of whether they had been injected with CNO or vehicle (Fig. 2 D, E) . Indeed, during stage II, there was a main effect of group (blocking versus control; F (1,66) ϭ 299.35, p Ͻ 0.05), a main effect of day (F (1,66) ϭ 310.67, p Ͻ 0.05), no main effect of genotype (eYFP, hSyn-hM3Dq, CaMKII␣-hM3Dq; F (1,66) Ͻ 1, p Ͼ 0.05), and no main effect of injection (CNO versus vehicle; F (1,66) Ͻ 1, p Ͼ 0.05). There was significantly more fear learning in the control than the blocking groups across stage II, as shown by the group (blocking versus control) ϫ day interaction (F (1,66) ϭ 266.8, p Ͻ 0.05), but there were no other differences between groups. So, pharmacogenetic excitation of dmPFC neurons did not alter fear memory retrieval or fear expression during the stage II conditioning phase for blocking groups, nor did it alter fear acquisition for the control group.
Nonetheless, pharmacogenetic excitation of dmPFC neurons did restore learning during stage II because associative blocking on the test was absent in CNO-block-hSyn-hM3Dq and CNOblock-CaMKII␣-hM3Dq groups (Fig. 2 D, E) . On testing, rats made a total average of 15.84 lever presses per minute (SEM ϭ 1.26), with no differences between groups (largest F value ϭ 2.8, p value Ͼ0.05). There was evidence for the associative blocking of fear learning because control groups were significantly more afraid than block groups (F (1,66) ϭ 66.21, p Ͻ 0.05). CNO injections or DREADD expression in dmPFC alone did not exert any effect on learning as there were no overall differences between groups treated with CNO versus vehicle (F (1,66) ϭ 2.63, p Ͼ 0.05) and no overall effect of genotype (F (1,66) ϭ 3.29, p Ͼ 0.05). There was a group (block versus control) ϫ drug (CNO versus vehicle) ϫ genotype (eYFP versus hM3Dq) three-way interaction (F (1,66) ϭ 9.38, p Ͻ 0.05), showing that injection of CNO but not vehicle during stage II prevented associative blocking in hSyn-hM3Dq and CaMKII␣-hM3Dq groups.
Further analyses showed that for groups injected with CNO before stage II training, blocking was prevented in the blockhSyn-hM3Dq and block-CaMKII␣-hM3Dq groups compared with the block-eYFP group (F (1,66) ϭ 26.59, p Ͻ 0.05), and that the block-hSyn-hM3Dq and block-CaMKII␣-hM3Dq groups acquired similar levels of fear to the auditory CSB (F (1,66) ϭ 3.11, p Ͼ 0.05). Despite preventing blocking, CNO had no effect on fear learning in the control groups (F (1,66) Ͻ 1, p Ͼ 0.05) . In contrast to the CNO groups, injection of vehicle before stage II had no effect on blocking in the blocking groups (F (1,66) Ͻ 1, p Ͼ 0.05) or fear learning in the control groups (F (1,66) Ͻ 1, p Ͼ 0.05).
Some animals in groups CNO-block-hSyn-hM3Dq and CNO-block-CaMKII␣-hM3Dq were not included in these analyses due to misplaced or unilateral applications of AAV-hM3Dq. Hence, any pharmacogenetic excitation in these animals either was not limited to dmPFC or was only unilateral. These animals were combined to form a control group, CNO-block-hM3Dq-misplaced (n ϭ 6; Fig. 2D ) to determine the specificity of the effects of pharmacogenetic dmPFC excitation on fear learning. Analyses showed that the CNO-block-hM3Dq-misplaced group did not differ in fear from the block-eYFP group (F (1,71) ϭ 1.00, p Ͼ 0.05), but was significantly less afraid of the CS than the block-hSyn-hM3Dq and block-CaMKII␣-hM3Dq groups (F (1,71) ϭ 11.61, p Ͻ 0.05).
Experiment 3: effects of CNO activation of dmPFC hM3Dq on acquisition and expression of fear conditioning
Did pharmacogenetic excitation of dmPFC neurons prevent associative blocking by restoring prediction error during stage II or did it do so by increasing shock reactivity, fear, asymptotic levels of fear learning, or fear memory consolidation? To distinguish between these possibilities, we first trained the hSyn-eYFP group (n ϭ 15) and hSyn-hM3Dq group (n ϭ 14) to fear a visual CS. This CS was paired with either a weak (0.6 mA) or a strong (1 mA) footshock. We injected rats with CNO before each day of training (Fig. 3B ). Then, we tested rats for their fear responses to the visual CS across 3 d with 4 CS presentations each day in the absence of CNO. Next, we determined whether pharmacogenetic excitation of dmPFC changed fear memory retrieval or the expression of fear. To do this, we retrained the weak footshock groups (hSyneYFP-0.6 mA and hSyn-hM3Dq-0.6 mA) via pairings of an auditory CS with a weak footshock (0.6 mA; Fig. 3C ). We then tested rats for their fear responses to the auditory CS across 3 d with four CS presentations each day. Rats received an injection of CNO before each test day. Figure 3A shows the extent of GFP-IR expression across all rats in the experiment with each rat represented at 10% opacity. Five animals were excluded because of misplaced AAV application or lack of GFP-IR. The final group sizes after histology were as follows: hM3Dq-0.6 mA, n ϭ 5; eYFP-0.6 mA, n ϭ 5; hM3Dq-1 mA, n ϭ 6; and eYFP-1 mA, n ϭ 8.
Histology
Behavior
The mean Ϯ SEM suppression ratios during conditioning with the visual CS and test are shown in Figure 3D . As expected, conditioned fear increased across training and decreased across tests. Overall, there was significantly more fear in the groups trained with the 1 mA footshock compared with the 0.6 mA footshock (F (1,20) ϭ 22.97, p Ͻ 0.05). This shows that our measure was sensitive to different strengths of fear learning and memory. Nonetheless, there was no overall difference between eYFP and hM3Dq groups (F (1,20) Ͻ 1, p Ͼ 0.05). Fear increased across conditioning (F (1,20) ϭ 238.82, p Ͻ 0.05) and decreased across tests (F (1,20) ϭ 81.59, p Ͻ 0.05), but eYFP and hM3Dq groups did not differ in these changes in fear (F (1,20) values Ͻ1, p values Ͼ0.05). Thus, pharmacogenetic excitation of dmPFC neurons during conditioning did not enhance fear learning or memory.
The mean Ϯ SEM suppression ratios during conditioning with the auditory CS and test are shown in Figure 3E . Both hSyneYFP-0.6 mA and hSyn-hM3Dq-0.6 mA groups learned to fear the auditory CS, and this fear was reduced across tests. There was no overall difference between eYFP and hM3Dq (F (1,8) Ͻ 1, p Ͼ 0.05). Fear increased across training (F (1,8) ϭ 292.31, p Ͻ 0.05) and decreased across tests (F (1,8) ϭ 36.07, p Ͻ 0.05), but eYFP and hM3Dq groups did not differ in these changes in fear during training (
Thus, pharmacogenetic excitation of dmPFC neurons had no effect on either the expression of fear or its decline.
Discussion
We used a pharmacogenetic approach to study the role of dmPFC in fear prediction errors. First, we showed that injection of CNO into animals expressing hM3Dq in dmPFC induced expression of the c-Fos protein, confirming that the pharmacogenetic manipulation was successful in increasing activity in dmPFC. Next, we examined the effects of pharmacogenetic activation of dmPFC on fear prediction errors using a blocking design. We tested the possibility that increases in dmPFC activity signal unexpected aversive events and errors in fear predictions, and hence we asked whether pharmacogenetic excitation of these neurons would restore prediction error and fear learning under conditions where these were otherwise absent. There was evidence that this was the case. CNO injection into animals expressing the hM3Dq in dmPFC prevented the associative blocking of fear learning. This prevention of blocking depended upon the combination of dmPFC hM3Dq expression and injection of CNO, because associative blocking was intact in hM3Dq animals injected with vehicle and in hM3Dq animals with misplaced hM3Dq expression. Critically, during this experiment, injection of CNO had no effect in control groups not subjected to the associative blocking manipulation. The absence of any significant difference in the magnitude of fear learning restoration between the CNO-blockhSyn-hM3Dq and CNO-block-CaMKII␣-hM3Dq groups shows that pharmacogenetic excitation of dmPFC glutamatergic neurons is sufficient to prevent associative blocking of fear conditioning.
The blocking paradigm isolates the contribution of prediction error to association formation (Rescorla and Wagner, 1972; Dickinson, 1980; Mackintosh, 1983) . The effects of pharmacogenetic excitation here are consistent with a restoration of fear prediction error. However, this prevention of associative blocking could have reflected another action on fear learning or memory, so we examined the effects of hM3Dq activation on the acquisition and expression of fear learning. We found that hM3Dq activation did not increase or augment the acquisition of either weak or strong fear conditioning, under conditions where our measure was otherwise sensitive to these variations in the strength of fear learning. We also found that hM3Dq activation did not alter the retrieval and expression of weak fear conditioning. So, the restoration of fear learning by injection of CNO in the 4 (Figure legend continued. ) the first CS presentation each day during stages I and II, and the test for groups injected with vehicle before stage II. Although there was overall evidence for blocking in eYFP groups, this blocking was absent in block-hSyn-hM3Dq and block-CaMKII␣-hM3Dq groups There was no effect of vehicle on blocking. *p Ͻ 0.05, #p Ͻ 0.05 compared with block-hSyn-hM3Dq and block-CaMKII␣-hM3Dq groups. Group sizes: CNO-block-eYFP, n ϭ 9; CNO-block-hSyn-hM3Dq, n ϭ 5; CNO-block-CaMKII␣-hM3Dq, n ϭ 5; CNO-control-eYFP, n ϭ 7; CNO-control-hSyn-hM3Dq, n ϭ 8; CNO-control-CaMKII␣-hM3Dq, n ϭ 6; Veh-block-eYFP, n ϭ 5; Veh-block-hSyn-hM3Dq, n ϭ 7; Veh-block-CaMKII␣-hM3Dq, n ϭ 6; Veh-control-eYFP, n ϭ 6; Veh-control-hSyn-hM3Dq, n ϭ 8; Veh-control-CaMKII␣-hM3Dq, n ϭ 6; and CNOblock-hM3Dq-Misplaced, n ϭ 6. hM3Dq groups is not obviously attributable to an enhancement of fear learning, an augmentation of fear memory consolidation, an increase in asymptotic levels of learning, an increase in the functional intensity of the aversive footshock, or a change in fear memory retrieval. Based on this behavioral selectivity, we interpret these findings to mean that pharmacogenetic excitation of dmPFC neurons was sufficient to restore fear prediction error and fear learning. . a, Extent of dmPFC GFP-IR for the experiment, with each rat represented at 10% opacity. b, Behavioral procedure. Rats received injections of 3 mg/kg CNO then received pairings of a visual CS with a 0.6 or 1 mA footshock in stage I. c, In stage II, rats in the 0.6 mA groups were retrained with pairings of an auditory CS with a 0.6 mA footshock and then tested for fear to the auditory CS. Rats received injections of 3 mg/kg CNO before tests. d, Mean Ϯ SEM suppression ratios during stage I. Although 1 mA groups were more afraid than 0.6 mA groups, there was no difference between hM3Dq and eYFP groups during conditioning or testing. e, Mean Ϯ SEM suppression ratios during stage II. There was no difference between hM3Dq and eYFP groups during conditioning or testing. *p Ͻ 0.05. Group sizes: hM3Dq-0.6 mA, n ϭ 5; eYFP-0.6 mA, n ϭ 5; hM3Dq-1 mA, n ϭ 6; eYFP-1 mA, n ϭ 8.
Methodological considerations
A primary consideration was whether AAV-mediated expression of the hM3Dq DREADD perturbed or otherwise disrupted dmPFC function and behavior (Armbruster et al., 2007; Alexander et al., 2009 ). There was no evidence for this, at least in the behaviors we assessed. Across experiments, hM3Dq groups were largely indistinguishable from eYFP controls. hM3Dq and eYFP animals acquired the baseline lever-pressing task at the same rate and to the same level; they also acquired, retained, and expressed fear at the same levels as the eYFP groups. More importantly, there were no differences at any point among the vehicle-injected eYFP, hSyn-hM3Dq, and CaMKII␣-hM3Dq groups. So, at least on measures that are directly relevant to fear learning and for interpretation of the behavioral effects reported here, in the absence of CNO, hM3Dq animals were indistinguishable from controls.
A second consideration was whether injection of 3 mg/kg CNO had off-target or nonspecific behavioral effects that could confound interpretation . Again, there was little evidence here to support this. The CNO-injected hM3Dq misplaced group displayed the same profile of fear learning as the CNO-injected eYFP control group, and CNO injection had no effect on fear learning or responding when hM3Dq groups did not show associative blocking. Although it remains possible that CNO produced nonspecific behavioral or off-target effects, there was no evidence here that any such effects confound interpretation of our primary behavioral data. Indeed, other than restoring prediction error and fear learning, injection of CNO in animals expressing the hM3Dq in dmPFC was without effect.
Finally, the specific dmPFC cell types responsible for this effect remain unclear. Both hSYN-hM3Dq and CaMKII␣-hM3Dq DREADDs were effective in restoring fear prediction error and fear learning, and there was no difference between the two groups in terms of the strength of this restoration. This shows that pharmacogenetic excitation of dmPFC glutamatergic neurons is sufficient for restoration of fear prediction error and fear learning. However, injection of CNO induced c-Fos in both dmPFC hM3Dq-expressing and non-hM3Dq-expressing cells, even using the hSyn promoter (for similar findings, see Sasaki et al., 2011; Garner et al., 2012; Zhan et al., 2013) , showing that the effects of pharmacogenetic excitation were not restricted to dmPFC hM3Dq-expressing cells. Whether these nonhM3Dq cells received direct synaptic input from hM3Dq cells or whether this reflects indirect network activation is unclear. Consistent with computational (Rushworth and Behrens, 2008; Alexander and Brown, 2011), electrophysiological (Matsumoto et al., 2007) , and neuroimaging (Corlett et al., 2004 (Corlett et al., , 2006 Dunsmoor et al., 2008; Eippert et al., 2012) findings, our data causally implicate dmPFC in prediction errors showing that increases in dmPFC neuronal activity are sufficient to restore errors in fear predictions and to promote fear learning. Past attempts to establish a causal relation between dmPFC and fear learning have yielded inconsistent results (Morgan and Ledoux, 1995; Johansen and Fields, 2004; Corcoran and Quirk, 2007; Furlong et al., 2010; Sharpe and Killcross, 2014) . At least one reason for this is that these past studies either have not behaviorally isolated the actions of prediction error or dmPFC has been manipulated by nonselective techniques (e.g., lesions), making inferences about dmPFC function difficult. dmPFC has extensive projections to various amygdala nuclei, including basolateral amygdala (BLA; McDonald, 1998; Mátyás et al., 2014) , and is well positioned to provide a prediction error input instructing amygdala-dependent learning and synaptic plasticity. BLA neurons are sensitive to fear prediction error in vitro (Bauer et al., 2001 ) and in vivo (Paton et al., 2006; Belova et al., 2007 Belova et al., , 2008 Johansen et al., 2010) , and similar findings have been reported in human neuroimaging studies (Dunsmoor et al., 2008) . Of greatest relevance, there is bidirectional fear prediction error signaling between primate dorsal ACC (dACC) and amygdala (Klavir et al., 2013) , and prediction error-related BOLD signals in human dACC precede changes in the amygdala BOLD signal during learning (Eippert et al., 2012) . Thus, it is likely that dmPFC-BLA interactions contribute to the restoration of prediction error and fear learning observed here.
dmPFC and fear prediction errors
It is well documented that mPFC is critical for regulating the expression of fear. dmPFC, especially prelimbic PFC, is important for promoting fear expression (Corcoran and Quirk, 2007; Santini et al., 2008; Burgos-Robles et al., 2009; Senn et al., 2014) and ventromedial PFC (vmPFC), especially infralimbic PFC, is important for preventing fear expression such as during extinction or safety (Milad and Quirk, 2002; Phelps et al., 2004; Kalisch et al., 2006; Quirk et al., 2006; Vidal-Gonzalez et al., 2006; Schiller et al., 2008; Senn et al., 2014) . However, the role for PFC is not limited just to regulating the expression of fear; it also includes regulating how much fear is actually learned.
Under normal conditions, increases in dmPFC activity signal unexpected aversive events to support fear learning, but as the aversive outcome becomes expected, dmPFC activity diminishes, as does further fear learning (Dunsmoor et al., 2008; Eippert et al., 2012) . It is possible that just as reduced fear inhibition in clinical anxiety has been linked to underactivation of vmPFC (Milad et al., 2009) , so too may the overprediction of fear that characterizes clinical anxiety (Cox and Swinson, 1994; Rachman, 1994; Schmidt et al., 1994; van Hout and Emmelkamp, 1994) be linked to overactivation of dmPFC. Moreover, human fMRI studies have linked excessive dlPFC-based prediction error signals with the severity of delusional beliefs, and have invoked these aberrations as a causal mechanism in the formation of delusions (Corlett et al., 2007) . The present pharmacogenetic approach could prove useful to model the cellular and circuit-level consequences of such an excessive prediction error.
Conclusions
We combined pharmacogenetic techniques with a behavioral approach isolating the actions of fear prediction errors to show a causal relation between the activity of rat dmPFC neurons and fear prediction error. The injection of CNO in dmPFC hM3Dq-expressing animals restored prediction error and fear learning under conditions where these were absent, but was otherwise without effect on fear learning, memory consolidation, or retrieval. There was no evidence here that dmPFC hM3Dq DREADD expression or CNO injection alone altered fear learning or fear behaviors. We suggest that, in addition to its well established role in fear responding, dmPFC has an important role in fear prediction errors and that this dual role enables a signature of adaptive behavior: using the past to predict the future, and learning as well as responding appropriately.
